Introduction
The aseptic culture of plant roots is required for certain studies on root metabolism and on the interrelations between root and soil microflora. The nature and activity of the rhizosphere population presumably is influenced greatly by materials which leak or are excreted from roots (24) . Moreover, the apparent susceptibility to root-infecting pathogens of some plants only at certain stages of their development may be related to the type of materials excreted (3) and to the CO., and 0. status within the rhizosphere. Inasmuch as some microorganisms, including certain plant pathogens, are tolerant to high pCO2 and low pO. (30, unpublished results, Timonin, Stotzky, & Goos) , enrichment of CO.-tolerant pathogens and suppression of CO,-intolerant, non-pathogenic, competitive microorganisms in the rhizosphere may be an important factor in pathogenesis. Progress on these problems requires a technique for growing. for long periods of time, and many provided no means for determining root respiration. The respiration of roots must be separated from the photosynthetic and respiratory activities of the above-ground plant parts. Such a separation elinminates the elaborate equipment required to grow entire plants for extended periods of time in hermeticall) sealed systems (21) . Although several apparatuses (9, 10, 18, 26, 32, 37, 41 ) have been designedl to measure root respiration, few (18, 26, 32, 41) employed aseptic conditions. Many investigators (1, 10. 13, 14, 18,20. 34, 36, 40,41) fig 1) . \Vhen larger air flows are required, a baby nursing bottle and nipple which provides a larger filtering surface may be used in place of a dropping bottle.
The CO., collector is a glass tumbler containing NaOH and a glass-bead bubble tower (28) and is attached to the root chamber witlh rubber tubing. An air filter and a one-way check valve4 are inserted in this line to prevent microbial contaminatioin during replacement of the CO., collector. To facilitate replacement, a quick-disconnect5 is also inserted.
I Nalgene No. 6120, Nalge Co., Inc.
Nalgene No. 1276. Nalge Co., Inc. Pyrex-brand glass, with the exception of the dropping bottles, and sulfur-free latex tubing, which did not deteriorate after repeated autoclavings and extended exposure in the greenhouse, are used throughout. All connections between glass and rubber tubing are bound with wire to prevent separation. The dimensions and materials presented for the various components are those routinely used in this laboratory; however, units differing in dimensions and construction materials have been used successfully.
-Aeration: Organic impurities and CO. are removed from the aeration stream by a series of scrubbers consisting of concentrated H2S04, 4 N KOH, and finally water to remove all traces of alkali and minimize drying of the roots (28) . The air is distributed to individual units through a sterilized manifold. The scrubber solutions, however, do not remove all microorganisms, and an air filter is required.
Cotton or glass wool alone is not an adequate filter, as both are easily wetted, and microorganisms, especially fungi, grow through either. Polystyrene filter membranes6 shrink during autoclaving, resulting in loss of filtering efficiency. Membranes of cellulose esters7 remove air-borne contaminants from a dry air streamii, but the surface tension of water films at the gas-liquid interface at each of the pores prevents air passage when the membranes are wet. Although the flow of air through wetted glass fiber membranes8 is not markedly impaired, some fungi can grow through and sporulate on the under surface of wetted membranes. When glass wool or cotton is combined with either cellulose esters or glass fiber membranes, efficient removal of air-borne contaminants is achieved. The cotton or glass wool absorbs moisture and keeps the filter membrane dry. Filters were aseptically replaced monthly, and no contamination entered the plant unit through the air stream.
A uniform rate of air flow through the manifold and into each unit is maintained with a needle valve and monitored with a flow meter and a manometer.
Sealer: A sealing material is required to separate the photosynthetic and respiratory activities of the above-ground portions of the plant from the respiration of the roots, and to prevent microbial contamination of the root zone. The material must:
A, be imipermeable to gases and water; B, be nontoxic to plants; C, cause no physical damage to plants; D, be sufficiently pliable to permit normal enlargement of stems; E, withstand a continuous positive pressure of 0.5 to 1.0 psi; F, resist microbial and environmental deterioration; G, be autoclavable; H, be easily handled and applied, and I, be relatively inexpensive. Although a large number of materials were tested, some of which are shown in -Rooting Medium: Although soil is the natural rooting medium, water logging, poor aeration, adsorption of root exudates by soil colloids, solubilization of soil organic matter, etc., negate its use, and an inert porous medium is desired.
To determine the recovery of root exudates from various rooting media, vermiculite, perlite, and quartz sand were separated into different particle sizes, placed in root chambers, and rinsed until the wash water was free from turbidity. Standard solutions of glucose and glutamic acid were then added to the top of the media, and 100 ml water perfused through the PLANT PHYSIOLOGY me(lia froiii the irrigation chamber via the irrigation sprinikler. The solution was allowed to return to the irrigation chamber, removed, and analyzed for glucose (23, 31) and glutamic acid (19) . A fresh 100 ml of water was added to the irrigation chamber, and the entire process was repeated eight times. The recovery of glucose and glutamic acid was considerably better from sand than fromi perlite or vermiculite (fig 3) . Seven to eight washings of perlite, but only three washings of sand, wvere required to achieve 100 % recovery. The recovery of glucose was greater than that of glutanmic acidl from either perlite or vermiculite, suggesting that adsorption of glutamic acid but not of glucose (31) experiment was repeated, except that the same 100 ml of solution was perfused eight times through the root chamber, an aliquot being removed for analysis after each perfusion. The recovery of both glutamic acid and glucose from perlite or vermiculite again was low (fig 4) . With sand, 85 % of the material was recovered in the second perfusion, but subsequent perfusions reduced the recovery to approximately 50 %. An equilibrium in the level of glucose and glutamic acid apparently was established between the solutions in the root and irrigation chambers. Although this method of removal would have limited the solution volume to 100 ml, the recovery, even before equilibrium was established, was not adequate, and a modification was tested.
The root chamber of a unit oontaining a pea plant was perfused once with 100 ml of irrigation solution, followed by three separate 100 ml volumes, each perfused three times. Aliquots were removed and analyzed for a-amino nitrogen (19) (20-30 m) .
the second and third perfusions, again indicating that an equilibrium was established. Similar results were obtained using standard solutions of glucose and glutamic acid.
To determine the number of washings necessary for maximum recovery of exudate from a plant, the same pea roots were washed with individual 100 ml volumes of irrigation solution 4 days after the previous experiment. Maximum recovery of a-amino nitrogen was achieved after the second washing, and additional washings increased recovery only slightly (fig 6) .
Based on these results, exudates are collected by washing the root chamber once with four individual 100 ml volumes of solution which are combined, concentrated in a flash evaporator, and stored at -6 C until analysis.
-Procedure for Operating Plant Culture Unit: The plant culture unit is assembled and all connections are tested. Sand, previously washed with concentrated HCI, 20 % NaOH, and water, and heated in an oven at 170 C for several days, is placed in the root chamber. The sand is moistened, and the unit autoclaved for one hour at 121 C and 15 psi. The entire unit, including the irrigation reservoir, may be sterilized together, but it is easier to autoclave the unit and the reservoir separately and connect them aseptically immediately after removal from the autoclave.
Cotton and a rubber stopper are inserted loosely in the planting tube during autoclaving. After cooling, these are removed and approximately 125 ml of sterile irrigation solution is poured through the planting tube. A depression is made in the vermiculite, an aseptic seedling inserted, and the vermiculite is replaced around the stem. A thin layer of paraffinsand (6, 35, 38) is placed over the vermiculite, and a sterile beaker containing a pad of sterile glass wool is inverted over the planting tube.
The unit is then tested for contamination by removing the sterility check tube from its housing, placing it below the level of the irrigation chamber, and \Vhen the seedling has grown to the top of the planiting tube, the beaker is removed and approxi--mately 4 cmii of sterile paraffin-sand is added. After 3 to 4 days, the top section of the planting tube is (letached(, the upper contaminated portion of the paraffini-sandl is removed with a sterilized aspirator and rel)lacedl by a sterile layer, followed by a thin layer of a miiolten paraffin-petrolatum mlixture ( recording infra-red gas analyzer (28) . By placing a respiration chamber over the above-ground plant portions, photosynthesis and root respiration of sterile plants may be measured simultaneously, and, because the unit is a closed system, radioactive tracers may be used. Moreover, the unit may be used to study extracellular root enzymes, translocation and root excretion of foliar-applied materials, salt uptake and root respiration, CO, fixation by roots, etc.
The unit is relatively inexpensive and easy to construct, and, as the above-ground plant parts are not confined, it may be used for large plants.
Summary
An apparatus has been developed for the aseptic culture of plant roots for studies on root respiration and the biochemical nature of root exudates. The apparatus consists of: A, a growth tube into which a surface-sterilized seed or sterile seedling is planted, B, a root chamber containing a solid growth medium, C, an irrigation chamber, an(d D, an irrigation solution reservoir. The seedl ani(l above-ground portion of the plants are separated spatially from the root zone, in order that products from the seed do not contaminate the root exudates. The photosynthetic an(l respiratory activities of the above-ground portions, which are allowed to develop in air, are separate(I from the respiration of the roots by a sealing material poured around the plant stem. A continuous sterile CO-free air stream aerates the roots and removes respired CO., for analysis. The roots are periodically perfusedl with a nutrient solution, and root exudates are collected aseptically. Aseptic sampling of the root-zone atmosphere for gas chromatographic analysis, and the introduction of microorganisms or other materials is possible. The apparatus is compact and is autoclaved as a unit.
Mono-and dicotyledonous plants have been grown successfully in these units. Representative exudate and respiratory patterns are presented and potential applications are discussed.
